The grand challenge currently facing metabolomics is the expansion of the coverage of the metabolome from a minor percentage of the metabolic complement of the cell towards the level of coverage afforded by other post-genomic technologies such as transcriptomics and proteomics. In plants this problem is exacerbated by the sheer diversity of chemicals that constitute the metabolome with the number of metabolites in the plant kingdom generally being considered to be in excess of 200 000. In this review we focus on web-resources that can be exploited in order to improve analyte and ultimately metabolite identification and quantification. There is a wide range of available software that not only aids in this but also in the related area of peak alignment, however, for the uninitiated choosing which program to use is a daunting task. For this reason we provide an overview of the pros and cons of the software as well as comments regarding the level of programing skills required to effectively exploit their basic functions. In addition the torrent of available genome and transcriptome sequences that followed the advent of next-generation sequencing has opened up further valuable resources for metabolite identification. All things considered, we posit that only via a continued communal sharing of information such as that deposited in the databases described within the article are we likely to be able to make significant headway towards improving our coverage of the plant metabolome.
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Click here to download Manuscript GigaScienceReview_Revised. docx   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Background 34 Metabolomics emerged in the late 1990s with the term coined in a review of Steven Oliver 35 [1]. However, the 2000 paper by Fiehn and co-workers wherein gas chromatography (GC) 36 coupled to mass spectrometry (MS) defined the chemical composition of a morphological 37 and metabolic mutant of the model plant Arabidopsis thaliana [2] ; in doing so they were 38 able to describe changes in the level of 326 analytes. This work thus greatly extended on the 39 early metabolite profiling study of Sauter et al. [3] , which presented the technology as a 40 means of putative classification of mode-of-action of pesticides. Thus the advent of 41 metabolomics in plants arguably preceded that in microbes and mammals although the 42 approach was rapidly adopted in these communities also [2, [4] [5] [6] . During the next two 43 decades metabolomics had one considerable advantage over profiling technologies such as 44 transcriptomics and proteomics in that it is not directly reliant on the genome sequence and 45 during this time the species scope of metabolomics rapidly expanded such that it was no 46 longer merely a tool for identifying biomarkers of cellular circumstance but additionally one 47 of the cornerstones of systems biology and an approach which could provide mechanistic 48 insight into metabolic regulation [7] [8] [9] [10] [11] . This advantage has subsequently disappeared 49 following the widespread adoption of next-generation sequencing and the lack of linear 50 relationship between the genome and the metabolome now represents part of the problem 51 in identification of unknown analytes [12] . This is nicely exemplified by the fact that 52 computation of the size of the metabolome on genome information as attempted by Nobeli 53 and co-workers in 2003 for the E. coli metabolome and [13] rendered values far smaller 54 than the number of metabolites actually measured to date [14] . Whilst the size of the 55 metabolome for prokaryotes has been estimated at a couple of thousand, that of the plant 56 kingdom dwarves these numbers with estimates ranging between 200 000 and 1 million 57 metabolites [15] . Within the last two decades metabolomics has been employed to address 58 a wide range of important questions in plant biology including pathway structure [15] , the 59 influence of metabolism on growth [8, 16] , plant ecology [17] , various aspects of plant 60 genetics including evolution and the domestication syndrome [18] [19] [20] as well as detailed 61 characterizations of the metabolic response to biotic and abiotic stressors [21, 22] . 62 In this review, we discuss two topics. The first is the availability of tools to aid in 63 chromatogram evaluation. Since we last reviewed this in 2009 [23] , the number of resources 64 has exploded as has their diversity in type. In 2009 a number of pathway, analytical 65 standards, analytical samples and literature databases were available. In the intervening 66 period additional sites providing information on experimental and in silico mass 67 fragmentation, isotopic labeling, pathway predicted metabolites, integration of 68 metabolomics with other platforms and mass spectrometry imaging have become available. 69 For each resource we will briefly outline functionality and provide illustrative examples of 70 their utility. The second is to review the current status of the broad variety of plant 71 metabolomics databases. In this respect we list sources of archived data and their 72 respective volumes of data. We also briefly discuss recent meta-analysis which illustrate 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 that despite current hurdles regarding comparability of data there is great potential for 74 cross-study comparisons on metabolite responses in determining common responses 75 between either genetic or environmental perturbations of metabolism. Finally, we will 76 provide an outlook as to how the grand challenge of comprehensitivity will best be met and 77 how the power of archived plant metabolic responses will be best exploited in the future. 78 It is not the scope of this review to discuss the theoretical details of every procedure or to 79 document the subtle differences between the many similar tools referred to here. We 80 rather aim to provide a general idea of the importance and challenges of each step in the which they are racing. Finally it is also important to highlight that these tools are constantly 99 being updated, integrated and discontinued, and while we ensured that all the links 100 provided here were functioning at the time of writing, it is impossible to ensure that to be 101 the case in the future.
102
Sample preparation and data acquisition 103 The metabolomics workflow ( Figure 1 ) starts with sample preparation including extraction 104 and often coupled to pre-treatment and chemical derivatization, followed by data 105 acquisition which will depend on the chromatographic system, ionization source and 106 analyzer 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Feature detection and peak alignment are the initial steps for extracting information from 129 raw data and corresponds to the process in which relevant signals are identified and 130 quantified across samples, having peak alignment as one of the big challenges to overcome, 131 particularly for LC-MS where retention time is more prone to fluctuations in relation to MS. The many different approaches available to perform these steps of data processing 133 were recently reviewed by [29, 30] , and some of the most popular algorithms for feature 134 detection and peak alignment were compared in different works [31, 32] . Most software 135 somehow integrate both steps in the same pipeline to generate a report of signal intensities 136 over samples from raw data, and many of them also include some resource for data analysis 137 and peak annotation that will be discussed later in more detail. In the following section we 138 will detail the available tools for this step, adopting a similar approach in all subsequent 139 sections also (the details of the programs are all given in additional file 1). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 modular suite, was developed to provide immediate graphical feedback of every step of the 152 processing pipeline, its benchmark paper compared the complexity of different algorithms 153 highlighting the importance of low complexity when dealing with large data files and 154 demonstrating it to be more efficient than MZmine 2 (see below for discussion of this 155 software) and comparable to XCMS, two of the most popular current data processing tools. 156 The particularities of TracMass algorithm makes it more suitable for detecting mass traces in 157 the low mass region that can be missed by other approaches,. calculating retention indexes, quantification, and automated identification of metabolites by 247 spectral library matching, in a fully automated pipeline, even though internal standards are 248 not necessary they are still recommended to increase reliability in metabolite identification. 249 The software ADAP-GC 3.0 [61] uses a deconvolution algorithm based on hierarchical 250 clustering of fragment ions, the updated version is incorporated into the MZmine 2 platform 251 and addressed issues from the first version such as fragment ions that are produced by 252 more than one co-eluting components, and improved sensitivity and robustness. Finally, 253 MetPP [62] is a processing tool that includes normalization and statistical analysis but is 254 directed towards data emanating from GC×GC-TOF MS system. 255 Extracting compound mass spectra is another important step of data processing that 256 reduces data complexity by many orders of magnitude by identifying m/z signals that belong 257 to the same compound and provide essential information for further metabolite annotation 258 through the reconstructing of mass spectra. While this process is usually integrated in GC-259 MS tools for feature detection, alignment and annotation, as mentioned above, there are 260 many approaches to deal with LC-MS data such as the ones employed by CAMERA [63] a 261 package developed in R to extract compound spectra, annotate isotopes and adducts, and 262 propose compound mass as an extension to XCMS, it is easy to use in combination with this 263 software and provides a significant reduction on data complexity. AStream [64] is another R 264 package very similar to CAMERA but using a simpler algorithm for grouping the peaks. 265 ALLocator [65] , is a web based workflow that applies centwave from XCMS for feature 266 detection followed by spectra deconvolution either by CAMERA or by the ALLocatorSD 267 algorithm which is optimized for dealing with the particularities of 13 C labeled data by 268 grouping mirrored isotopes (lighter isotopologues from feeding experiment 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 the use of a workflow consisting of data acquisition under both low and high collision energy 273 as a way to improve the quality of the spectra generated by feature clustering and provide a 274 data format that can be submitted directly to the MassBank Database and NIST MSSearch 275 program. By contrast, RAMSY [68] uses average peak ratios and their standard deviations 276 rather than correlation to allow the recovery of compound spectra, the performance of this 277 approach is typically better than the results from correlation methods, furthermore, the 278 script for MATLAB is available or it can be run from a web interface with a .csv 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 were developed with this goal in mind. The great interest from metabolomics and mass 417 spectrometry communities even culminated with the creation of the "Critical Assessment of 418 Small Molecule Identification" (CASMI) contest. The idea of the contest is to challenge 419 multiple approaches and rank their performance over a series of categories [109, 110] . 420 Structural information is normally extracted from mass of molecular ion in high-resolution 421 MS (HRMS) which can provide the molecular formula and fragmentation pattern. It is 422 important to note that most strategies for metabolite annotation rely heavily on 423 information retrieved from databases of molecular formulas, spectra and pathways which 424 will be discussed in more detail below. 425 The most common tools are based on matching spectra or exact masses from unknown 426 compounds against spectral data deposited in some database. One example using this 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 DataBase ( 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 interface that takes a mass peak list from HRMS as input and matches them against KEGG 470 compounds database returning a pathway map with the matches, organisms can be 471 selected and the output represents organism-specific and extra-organism items 472 differentially colored to assist interpretation. MetabNet [122] is an R package to perform 473 targeted metabolome wide association study of specific metabolites,. this This approach 474 uses the correlation of all mass signals with the targeted metabolite across samples to build 475 networks that can be visualized in pdf or exported to Cytoscape. This can be a very useful 476 approach to identify related compounds and associate them to metabolic pathways. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 Interpretation of omics data is usually complicated by the amount and complexity of data.
531
There are many tools to assist metabolomics data interpretation, particularly for its 532 visualization by mapping metabolites into pathways and providing biological context, and 533 for the integration with data from different platforms (e.g. transcriptomics, proteomics see 534 Tohge et al. (2015) [15] for details). As for metabolite annotation, these tools usually rely 535 upon knowledge stored in metabolite and pathway databases, and many of them include 536 some kind of statistical analysis such as pathway enrichment and correlation analysis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Few tools try to actually use mass spectra features to build the networks, which can also particularly useful not only for the larger amount of data but also for providing an easy 600 platform to access and extract information quickly. Both of these databases can be downloaded and integrated to processing tools for 618 metabolite annotation based on spectra matching. Also worth mentioning is fiehnLib 619 (http://fiehnlab.ucdavis.edu/projects/fiehnlib), however, access of the spectral data is highly limited 620 for this resource. 621
One of the greatest efforts in the field of metabolomics has been directed to the 622 development of databases of mass spectra obtained from LC-MS analysis. The higher 623 flexibility of this technique compared to GC-MS in terms of the chemical space that it can 624 analyze comes with the drawback of a high sensitivity to multiple factors that can influence 625 mass spectra quality and reproducibility. LC-MS databases are usually characterized by the 626 greatest volume of metadata that accompanies the analytical data, and a more complex Commented [LPdS14]: Reviewer #2: l 575: Also include http://fiehnlab.ucdavis.edu/projects/fiehnlib Reply: We previously did not include fiehnLib because we could not get access to the spectral data in the library. We have added a comment to that effect here   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 WEIZMASS [179], a metabolite spectral library of high-resolution MS data from 3,540 plant 669 metabolites that uses a probabilistic approach to match library and experimental data with 670 the MatchWeiz software. WEIZMASS is available for implementation in R as a pipeline for 671 metabolite identification which can be easily integrated with data processing. While this is a 672 much less accessible tool for general use compared with other web based databases the 673 results obtained are far more considerable and the effort required in its use is, therefore, 674 more than compensated by the gains which it affords. 675 A very common issue encountered in data from mass spectrometry is the presence of a 676 variety of contaminants from sample preparation and analysis that can be challenging for 677 data interpretation. MaConDa [180] provides a very useful database of common 678 contaminants and adducts in mass spectrometry, containing over 200 contaminant records 679 with origin of the contaminant, its mass and the adducts formed. MaConDa can be 680 downloaded in different formats or accessed via the web browser. 681 Compound spectra databases are essential for identification of metabolites by mass 682 spectrometry, but a significant effort has also been directed towards the development of 683 repositories of experimental data on specific samples to facilitate dereplication studies and 684 data analysis. These databases are often restricted to specific species, as it is the case for 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 as an apparent defunct link to a pathway viewer. Similar databases with relative broader the experiments, and web tools for analysis and interpretation that can be used with any 733 uploaded data. Similarly, Metabolights [192] , is a cross species repository containing data 734 from 190 mass spectrometry based metabolomics studies that is currently recommended as 735 repository of experimental data by many journals, all experimental data can be downloaded 736 from an ftp server and data submission is powered by the use of ISA software that assists in 737 the reporting and management of metadata. MetabolomeXchange [193] , is a data 738 aggregation system that allows users to efficiently explore experimental metabolomics data 739 from different databases including MetaboLights and Metabolomics Workbench providing 740 an RSS feeding service to allow users to get updates over the datasets available. Similarly, 741 GNPS [194] , a plant natural product knowledge base for community-wide organization and 742 sharing of raw, processed or identified tandem mass spectrometry data currently 743 comprising of 221,083 MS/MS spectra from 18,163 unique compounds. The platform allows 744 users to upload data and provides a series of tools for analysis and interpretation based on 745 the data from the database. 746 As previously mentioned, many resources that are particularly useful for data interpretation 747 organize the data in pathways based on literature data, and often also provide tools for data 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 visualization and interpretation. Many of these databases contain either generic pathways 749 or combine different organisms, some examples are KEGG [195] , which includes 504 750 pathway maps with 17,891 compounds and 10,419 reactions for 4,607 different organisms, 751 representing data in an interactive interface that links the entries to a great amount of 752 external resources being one of the most popular sources of information on metabolic 753 pathways One of the greatest issues of KEGG leading many user to misinterpreting their 754 data is that it displays all genes in generic pathway maps of which some are characterized 755 only by similarity, resulting in pathways that are not present in the analysed organism being 756 represented. By contrast, WikiPathways [196] , is a wiki-style website with 2,471 community 757 curated pathways of 28 different organisms. Its interactive interface is similar to KEGG 758 providing link with external resources for metabolites and enzymes. Similarly, kpath [197] , is 759 a database that integrates information related to metabolic pathways with 74,180 pathways 760 13,153 reactions and 37,029 metabolites providing tools for pathway visualization, editing 761 and relationship search. BioCyc [198] , is a collection of 9,387 Pathway/Genome Databases, 762 and MetaCyc [198] is the largest curated database of experimentally elucidated metabolic 763 pathways containing 2,491 pathways from 2,816 different organisms. KBase [199] , 764 meanwhile, is a data platform with data on plants and microbes that allow users to upload 765 their own data and integrates data and tools for systems biology including 1,470 metabolic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 BioMeta [203] , whose contents are based on the KEGG Ligand database with a large number 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 number of clear reporting standards that should aid in this respect [261] , furthermore, both 945 the existing databases and carefully compared meta-analysis [22, 262] , demonstrate that 946 such approaches are indeed highly powerful in the enhancement of biological 947 understanding. As such we feel that it is an urgent priority to focus efforts on the 948 improvement of this feature of computational metabolomics since it will aid not only in the 949 expansion of our coverage of the metabolite complement of the plant cell but also in the 950 equally important task of interpreting the biological function of the individual metabolites 951 themselves.
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